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Abstract

:

The Songliao Basin in northeastern China is one of the largest and longest-lived Cretaceous sedimentary basins enriched in petroleum and geothermal resources worldwide. Although the modern Songliao Basin has a high geothermal gradient, the geological thermal history of the basin has not been well constrained. The SK-2 drilling program, as the second stage of the International Continental Drilling Project of Cretaceous Songliao Basin, is for recovering extensive Early Cretaceous terrestrial strata and providing valuable materials for decoding the mineralogical evolution and the paleoenvironmental changes. Here, we present whole-rock and clay mineralogical analysis on 72 core samples covering 3346–5705 m of the Shahezi Formation in the SK-2 borehole. The whole-rock minerals mainly include clay minerals, quartz, plagioclase, as well as some calcite, K-feldspar, siderite, and pyrite. The clay mineral assemblages include illite, chlorite, and illite–smectite interlayer minerals. Above 4500 m, clay minerals are dominated by illite and illite–smectite interlayers. Below 4500 m, more plagioclase, K-feldspar, and calcite are present, while illite–smectite interlayers are completely replaced by illite. The whole-rock and clay mineralogical evolution of the Shahezi Formation is primarily controlled by thermal diagenesis, although paleoenvironmental change may act as a minor contribution. Combined with published data from the Upper Cretaceous in SK-1 cores, we infer that Cretaceous greenhouse climatic and environmental changes left fingerprints on whole-rock and clay mineralogical assemblages and that the Songliao Basin reached a maximum burial depth and a peak of thermal evolution at the end of the Cretaceous.
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1. Introduction


The Songliao Basin in northeastern China is one of the largest and longest-lived terrestrial sedimentary basins in the world [1,2]. The thousands-of-meters thick Cretaceous strata provide valuable material for the study of Earth’s greenhouse climate [2]. This basin is also enriched in petroleum and geothermal resources. The Daqing Oilfield, one of the largest oilfields in China, produced 2.4 × 109 t oil and 1.4 × 1011 m3 gas during the past sixty years [3]. The modern geothermal gradient in northern Songliao Basin ranges from 2.0 to 6.0 °C/100 m, with an average of 4.0 °C/100 m [4]. The total geothermal resource of hot dry rocks, featured with high temperatures over 150 °C and located at 3–10 km, is up to 2.2 × 1023 J, approximately equivalent to 7.5 trillion tons of standard coal [4]. Although modern Songliao Basin has a high geothermal gradient and contains rich geothermal resources, the basin’s thermal history, which is critical for understanding the evolution history of tectonism, basin filling, and resource formation, has not been well constrained, especially from long and continuous sedimentary records.



The Continental Scientific Drilling project of Cretaceous Songliao Basin (abbreviated as SK project), under the framework of the International Continental Scientific Drilling Program (ICDP), obtained over 8000-m-long continuous cores from the Triassic basement to the Late Cretaceous [5,6]. The long and continuous SK cores are informative for understanding sedimentary, tectonic, and thermal evolution of the basin as well as Cretaceous terrestrial paleoclimatic and paleoenvironmental changes [2,6,7,8,9,10]. Previous studies indicate that, in the Upper Cretaceous cores of the SK, the compositions of whole-rock minerals and clay minerals are mainly controlled by paleoenvironments in sediments shallower than 1000 m but are primarily influenced by burial diagenesis in sediments deeper than 1000 m [7,9]. Clay mineralogical paleogeothermometer indicates the Upper Cretaceous sediments in the Songliao Basin were buried ~50 °C higher and ~1000 m deeper than the present [9]. However, similar constraints from Early Cretaceous strata are still lacking, blurring knowledge of the basin’s thermal evolution throughout the Cretaceous period.



In this study, we present whole-rock and clay mineralogical analysis on mudstone, siltstone, and sandstone samples from the 3346–5705 m Shahezi Formation of the SK-2 core, the second stage of the SK project. The controlling factors for mineralogical changes are discussed with special emphasis on their implications on burial temperatures. Combined with a published dataset from the Upper Cretaceous cores, we give a full picture of mineralogical, paleoenvironmental, and thermal evolutions of the Songliao Basin.




2. Geological Setting


The Songliao Basin is located between the eastern Pacific plate subduction zone and the northern Mongolia-Okhotsk suture zone and is a large terrestrial basin containing oil and gas deposits in northeast China (Figure 1). It is mainly distributed in three provinces of Heilongjiang, Jilin, and Liaoning in China. It is approximately 800 km long and 370 km wide, covering an area of about 26 × 104 km2 with a shape similar to a rhombus [11]. The north side of the basin is the Lesser Xing’an Range, the east side is the Zhangguangcai Range, the west side is the Greater Xing’an Range, and the south side is connected to the Bohai Bay Basin. Due to the influence of the Pacific plate and the Eurasian plate tectonics, the Songliao Basin’s tectonic evolution is divided into four stages, namely a hot uplift and extensional faulting stage, a rift stage, a depression stage, and a tectonic inversion-shrinking fold stage [12]. During the Middle Jurassic to the Early Cretaceous, the uplift of the mantle caused the extensional faulting of crust. Later, the Mongolia-Okhotsk trough closed, which caused a large amount of magmatic activity. A large number of extensional faults formed during the magmatic activity in the basin, indicating the basin was entering the tectonic rift stage, then the Huoshiling Formation and the Shahezi Formation deposited (Figure 2). When the magmatic activity weakened with lithosphere cooling, the basin began to sink and settle. Two lake invasion events occurred during the deposition of the Qingshankou Formation and the Nenjiang Formation. Under the combined action of compress and extension, the basin began to shrink. Facies of river to shore-shallow lake were distributed in the Sifangtai Formation and the Mingshui Formation in the basin (Figure 2) [1]. Areas with different topographical characteristics were formed, such as the central depression zone, the westward dip zone, the eastern uplift zone, and the western uplift zone (Figure 1) [11].



The recently completed ICDP project in the Songliao Basin (SK) obtained nearly continuous sedimentary archives from the basin basement through the latest Cretaceous Mingshui Formation [2,6]. The SK project consists of three phases. Phase 1, the SK-1 drilling project, recovered Upper Cretaceous cores of ~2500 m with a core recovery ratio of ~95% from two boreholes, namely SK-1s borehole (deeper) and SK-1n borehole (shallower) (Figure 2) [2,6]. Phase 2, the SK-2 drilling project, recovered a >4000 m long core of Lower Cretaceous strata through the Triassic-Permian basement (Figure 2) [6]. Phase 3, the SK-3 drilling project, was completed in February of 2021 and obtained the core of the mid-Cretaceous strata in the Songliao Basin [12].



The SK-2 scientific borehole is located in the northern part of the Xujiaweizi fault depression and obtained a core section from the Denglouku Formation to the basement with a thickness of ~4200 m [13,14,15]. Among the cored strata, the Shahezi Formation developed primarily from lacustrine sediments [2,16,17]. Accompanying the activities of the fault depression in the basin, a lake and fan-delta environment was formed during deposition of the Shahezi Formation. It was a set of clastic rock deposits mixed with dark mudstone, coarse sandstone, and conglomerate. Yu et al. (2020) obtained a secondary ion mass spectrometry (SIMS) U-Pb age of 113.9 ± 0.9 Ma from the 3961 m tuff layer in the upper part of the Shahezi Formation in SK-2 [17]. An (2018) obtained an inductively coupled plasma mass spectrometry (LA-ICP-MS) clast U-Pb age of 111.13 ± 0.84 Ma for the sandstone at the top of the Shahezi Formation [18]. Liu et al. (2020) obtained detrital zircon ages from two tuff layers at the bottom of the Shahezi Formation at 5943.19 m and 5958.62 m. The LA-ICP-MS U-Pb ages of the detrital zircons are 117.9 ± 1.6 Ma and 118.2 ± 1.5 Ma, respectively, which constrained the sedimentary age of the Shahezi Formation in SK-2 to the Early Cretaceous [19,20].




3. Materials and Methods


Samples were taken from the Lower Cretaceous Shahezi Formation of the SK-2 core in the depth range of 3346–5705 m. During the drilling of SK-2, the core recovery ratio of the Shahezi Formation was 96%, which ensured the continuity of the core. A total of 72 mudstone, siltstone, and sandstone samples were collected continuously at a ~30 m sampling interval from the Shahezi Formation.



Whole-rock minerals were studied using X-ray diffraction (XRD). Steps for whole-rock mineral content analysis involved taking a small amount of sample and grinding it to powder. Analytical tests were performed using the PANalytical X’ Pert PRO diffractometer (PANalytical B.V., Almelo, Netherlands) under the conditions with CuKa radiation and Ni filter under 40 kV voltage, 40 mA current, and 5–45° scan angle, specified in the industry standard SY/T 5163-2010, at the Sichuan Southwest Metallurgical & Geological Testing Technologies Co. Ltd., Chengdu, China. The whole-rock minerals were identified by the characteristic mineral diffraction peaks, for example, quartz 4.26 Å (100), 3.34 Å (101), and 2.45 Å (110), calcite 3.03 Å (104) and 2.28 Å (113), K-feldspar 3.19 Å (131), plagioclase 4.03 Å (2   0 ¯   1), 3.86 Å (1   1 ¯   1), etc. The mineral content was calculated as the ratio of the intensity of the diffraction peaks of the two phases when the corundum and the calculated mineral mass fraction were equal, i.e., the K-value method [20].



Clay minerals (<2 μm) were studied using X-ray diffraction (XRD) on mounts of clay-sized particles on glass slides [9]. Steps for clay mineral determination consisted of the following: (1) samples were crushed to less than 200 mesh particle size, and clay minerals were extracted by suspension and sedimentation method; (2) tests were performed on oriented slices under natural air-drying at room temperature; (3) the naturally oriented tablets were saturated with ethylene glycol vapor at 60°C for 8 h; (4) tests were performed with slices after heating at 550 °C for 2.5 h; (5) calculation was performed of the percentage of each clay mineral using analytical software. Identification of clay minerals was based on the location of the (00l) series substrate reflections using MDI JADE software (6.5, Central South University, Hunan, China) according to the method of Moore and Reynolds [21].



Clay mineral identification involved comparing air-dried state (N), glycol-saturated (EG), and heated (T) diffractograms. Illite was identified based on its characteristic peaks at 10 Å (001), 5 Å (002), and 3.33 Å (003), all of which remained unaffected after undergoing glycol saturation. Chlorite was identified on a shift of 14.2 Å peak to the high angle side of 13.8 Å after high temperature treatment at 550 °C, whereas the rest of the identification peaks showed weakening or disappearance [9]. Smectite and illite–smectite interlayer minerals (I/S), which are typically expansive clay minerals, were identified based on the presence of a peak at 16.9–17.1 Å on EG diffractograms. The presence of smectite was further confirmed by peaks at 8.5 Å (002) and 5.67 Å (003), and, under the T diffractograms, the 16.9–17.1 Å peak shifted to 10 Å on the high angle side [9]. The illite–smectite interlayer minerals showed that the peak of 10–15.4 Å in the N diffractograms shifted to about 17 Å after ethylene glycol treatment and then returned to 10 Å under high temperature conditions. Smectite was distinguished from interlayer minerals by 8.5 Å and 5.67 Å peaks, and disordered and ordered interlayers were distinguished by whether or not the air-drying 10–15.4 Å peak shifted to 17 Å after ethylene glycol treatment [20,21,22,23].



Semiquantitative estimates of each clay mineral were obtained using the peak areas and heights of the basal reflections of the main clay mineral groups following SY/T 5163-2010 [20]. The relative abundances of each clay mineral species were estimated mainly according to the areas of the (001) series of basal reflections, i.e., illite (10 Å), I/S (11–17Å), and kaolinite/chlorite (7 Å). The smectite content in illite–smectite interlayer minerals was calculated by two methods—ordered and disordered. The peak at around 17 Å under ethylene glycol conditions divided the interlayer minerals into ordered and disordered [23]. For disordered interlayer minerals, we used methods of Eslinger and Savin [24], Hoffman [25,26] to derive derived l/h based on the standard diffraction curves of Reyonlds and Hower [25,26]. h was the heights of the 17 Å diffraction peaks, and l was the distance from the tip of the 17 Å low-angle side peak to the valley of the peak. The principle of the method is the correspondence between the intensity of the diffraction peaks in the Reyonlds and Hower [25,26] standard curve 17 Å and the layer of smectite content, i.e., l/h = 0.39, S% = 60%, l/h = 0.77, S% = 80% [23,24,25]. For ordered interlayer minerals, calculation was made by taking characteristic XRD peak positions of the illite–smectite interlayer minerals (001/001, 001/002, 001/003) and their corresponding S% published by Srodon [23,26].




4. Results


The whole-rock minerals of the Shahezi Formation are mainly clay minerals (39.8%), quartz (31.6%), and plagioclase (25.2%), with a small amount of calcite, potassium feldspar, siderite, and pyrite (Figure 3, Table S1). Quartz has diffraction peaks of 4.26 Å (100), 3.34 Å (101), and 2.45 Å (110), calcite has diffraction peaks of 3.03 Å (104) and 2.28 Å (113), and potassium feldspar has a diffraction peak of 3.19 Å (Figure 4). With increasing depth, all clay minerals, plagioclase, potassium feldspar, and calcite change at 4500 m. The average contents of clay minerals above 4500 m and below 4500 m are 45.8% and 34.5% respectively. The contents of potassium feldspar and calcite fluctuate, and the average content increases below 4500 m. The average content of potassium feldspar above 4500 m is 0.6%, while plagioclase and calcite are 20.5% and 1.3%, respectively. The average content of potassium feldspar below 4500 m is 1.5%, plagioclase is 29.2%, and calcite is 3.2%. The contents of quartz, siderite, and pyrite do not change with depth (Figure 3). There is no obvious change with respect to difference in lithology (mudstone, siltstone, sandstone) (Figure 4).



The clay mineral assemblages of the Shahezi Formation include illite (68%), chlorite (15%), and illite–smectite-ordered interlayer mineral (17%) (Figure 5, Table S1). Among them, the content of illite continues to increase with the increase of depth above 4500 m. The content of smectite in the ordered interlayer mineral and the interlayer mineral decreases with the increase of depth. At shallower depth, the identification peaks of 16.9–17.1 Å under the EG condition are shown in the XRD pattern. However, there are no identification peaks of 8.5 Å (002) and 5.67 Å (003) of smectite (Figure 6a). As the depth increases, the peak reflection intensity of 16.9–17.1 Å in the XRD pattern of the EG sheet decreases (Figure 6b), while the peak reflection intensity of 10 Å, 5 Å, and 3.33 Å increases (Figure 6c). Illite is the main clay mineral in the depths below 4500 m. Illite and chlorite show a mirror trend of changing content, and illite–smectite interlayer minerals disappear completely (Figure 5). In the XRD pattern under EG condition, the identification peaks of 16.9–17.1 Å disappear (Figure 6d). The identification peaks of illite are 10 Å, 5 Å, and 3.33 Å (Figure 6e). The identification peaks of chlorite are 7.1 Å and 3.53 Å (Figure 6f).




5. Discussion


Minerals in sedimentary rocks are affected by multiple factors such as source lithology, palaeoclimate, sedimentary environment, and diagenesis. This study discusses the controlling factors for the evolution of whole-rock and clay mineralogy of the Shahezi Formation in SK-2. Combined with the mineralogical data of SK-1, we analyzed the paleoenvironmental evolution and the thermal evolution history of the Songliao Basin.



5.1. Relationship between the Whole-Rock Mineral Composition in the Shahezi Formation and the Sedimentary Environment


In sedimentary processes, bulk mineralogical composition of sediments is controlled by lithology in provenance, climate condition, differentiation in transport and deposition, etc. For example, warmer and wetter climates induce chemical weathering of micas and feldspars, which triggers the formation of clay minerals [27,28]. After sediments get buried, diagenetic processes may alter the original mineralogical composition. For example, the transition from smectite to illite under high temperatures is accompanied by the formation of authigenic quartz [29]. The albitization of plagioclase and potassium feldspar is also a common process in diagenesis, which means the relative content of albite increases with the increase of burial depth [30,31,32].



The Shahezi Formation in SK-2 of the Songliao Basin was deposited in a lacustrine to a fan-delta environment with primary lithologies of sandstone, siltstone, mudstone, and coal seam [33]. Whole-rock mineral X-ray diffraction analysis shows that the Shahezi Formation is dominated by clay minerals, quartz, and plagioclase, while calcite, potassium feldspar, siderite, and pyrite are present in small amounts. At 4500 m, there is a marked change in the content of some minerals (the red lines in Figure 3 indicate the average content at the 4500 m boundary), with clay minerals increasing from 45.8% to 34.5%, plagioclase decreasing from 29.2% to 20.5%, and calcite and potassium feldspar respectively decreasing from 3.2% and 1.5% to 1.3% and 0.6%.



Compaction has a significant impact on the sediments of the Shahezi Formation due to a great burial depth. The impact of compaction is more manifested as chemical compaction, that is, suture contact between clastic grain due to pressure–solution dissolution, secondary quartz and calcite, and other phenomena, which leads to increase of secondary mineral content [33]. As the depth increases, especially across 4500 m, the increase in calcite content may be the result of chemical compaction during diagenesis. However, as the depth increases (especially across 4500 m), the clay mineral content increases and the quartz content remains unchanged. The decrease in quartz and plagioclase content is difficult to explain by diagenesis and is more likely to be affected by changes in a paleoenvironment.



The potential source areas around the Songliao Basin include the Greater Xing’an Range, the Lesser Xing’an Mountains, the Zhangguangcai Mountains, and the Jiamusi blocks. An (2018) used the clast grain component and the detrital zircon U-Pb ages to determine the potential provenance of the Shahezi Formation [18]. It is considered that the central area of the Greater Xing’an Mountains provides a stable source for the upper part of the Shahezi Formation [7]. Therefore, change of sediment source is not the main factor that affects the whole-rock mineral evolution of the Shahezi Formation in SK-2.



In continental lake basins, fluctuation of lake level controls the formation of the sequence stratigraphic interface and the distribution of different types of sediments, which is tightly linked to the paleoclimate and the paleoenvironment. Changes in the ratio of precipitation and river inflow versus evaporation cause the lake level to rise and fall, which is accompanied by changes in sedimentary environments [34]. Changes of sedimentary environments further affect the deposition of clastic rocks, the types of clay minerals and other cement minerals, and the abundance of other minerals [34]. Liu [35] and Zhao [36] used the natural gamma logging curve, magnetic susceptibility, and other indicators to reconstruct the lake level changes of the Shahezi Formation. The overall pattern is that the lake level rises slowly, with two rising nodes in the middle and the upper parts of the Shahezi Formation and an obvious sudden change at 4500 m. The magnetic susceptibility and the frequency susceptibility values also have obvious changes within this depth range, indicating that, during the deposition of the Shahezi Formation, basin fault activities, precipitation, and river injection cause the lake level to fluctuate and gradually rise. The lake level reached its maximum in the middle of the Shahezi Formation [35,37]. This is consistent from the perspective of the whole-rock mineral evolution characteristics. With 4500 m as the interface, the mineral contents of feldspar, plagioclase, and other minerals change significantly, affected by a change in lake level. High and stable lake level above 4500 m is the reason for more clay minerals and less plagioclase and potassium feldspar deposited in the lake basin.




5.2. Relationship between Clay Mineral Evolution and Burial Diagenesis


Clay minerals are sensitive to both depositional paleoenvironment and diagenesis. On one hand, for sedimentary rocks with shallow burial depth and less impact by diagenesis, clay minerals can better reflect environmental and climatic conditions of the sedimentary basin and the source area [38]. On the other hand, as burial depth and temperature gradually increase during diagenetic processes, primary minerals undergo a series of physical and chemical changes [2,12,15,16]. For example, smectite transforms into ordered illite-smectite mixed layer and illite [38].



The clay mineral assemblage of the Shahezi Formation in SK-2 is dominated by illite-smectite ordered interlayer mineral and illite with a small amount of chlorite (Figure 5). From 3346 m to 4500 m, as the depth increases, the content of the illite–smectite interlayer decreases, and the illite content increases. Below 4500 m, the illite–smectite interlayer disappears, and the clay mineral assemblage is dominated by illite. This is consistent with the data of other wells in Xujiaweizi Depression below 4500 m that do not contain the illite–smectite interlayer minerals [36]. Although analyzed samples in this study include mudstone, siltstone, and sandstone, we found no correlation between lithologies and clay mineral assemblages. The change of clay minerals in the Shahezi Formation of SK-2 is considered to be mainly caused by burial diagenesis.



According to previous studies on the clay mineralogy of the Songliao Basin, the smectite in the shallower strata in the Late Cretaceous was mainly formed by the alteration of volcanic rocks around the basin. The illite was mainly formed by the weathering of granite [11,37]. As the depth of burial diagenesis increases, smectite loses water when the temperature rises to about 100 °C and absorbs K+ and Al3+ released by the dissolution of mica, feldspar, etc. Then, smectite gradually transforms into illite, and its intermediate product is an interlayered mineral (the content of smectitic layers decreases to form ordered interlayered minerals from disordered interlayers). Si is released during the conversion of montmorillonite to illite, and Mg and Fe further form chlorite [39,40]. As a result of the formation of primary illite as well as the transformation of smectite into illite and chlorite during the later diagenesis, the final clay mineral assemblage appears as illite that persists during burial diagenesis. The abundance of illite and chlorite is greater in places where sediments are buried deeper. The content of smectite decreases with depth until it disappears [35].



There are many factors affecting burial diagenesis, but the main controlling factor is temperature [35]. Therefore, the evolution of clay minerals in the diagenetic process can reflect the thermal evolution history of the basin. For example, in the process of illitization of smectite, disordered interlayer minerals transform into ordered interlayer minerals at ~100 °C. The complete conversion temperature of the ordered interlayer mineral into illite occurs at ~210 °C. The temperature logging curve of SK-2 indicates that temperature is about 160 °C at 4500 m today [36,37]. At this depth, interlayer clay minerals are completely transformed into illite, indicating that the basin experiences a maximum temperature of ~210 °C [38,39,40,41,42,43]. Evidence such as vitrinite reflectance and temperature measurement of inclusions proves that the ancient geothermal gradient in Songliao Basin is 4.26–4.80 °C/100 m [9,44]. Assuming that this geothermal gradient has been maintained since the Cretaceous, it is inferred that the stratum above the Shahezi Formation has eroded by about 500–1000 m. This is consistent with the conclusion from studies in the north hole of SK-1 and provides new evidence for the restoration of the burial history and the thermal evolution of the Songliao Basin [9].




5.3. Paleoenvironmental Evolution and Thermal History of the Songliao Basin: Perspective from Mineralogical Evolution in the SK Cores


The SK cores of the Songliao Basin obtain the most complete and continuous terrestrial strata of the Cretaceous, which provides the theoretical basis for the study of climatic and environmental evolution history of the Cretaceous terrestrial facies on a scale of one million to one hundred thousand years as well as the burial history and the thermal evolution of the Songliao Basin. According to previous studies on the core of SK-1, the SK-1n minerals are dominated by illite and smectite. Illite–smectite-ordered interlayer minerals, kaolinite, and chlorite are enriched in the lower part of the core. SK-1s clay mineral assemblages are illite, illite–smectite-ordered interlayer minerals, smectite, and chlorite [6,7,9]. The shallow-buried clay minerals in Nenjiang, Sifangtai, and Mingshui Formations are mainly controlled by the paleoenvironment. The deep-buried clay minerals in Qingshankou, Quantou, and Shahezi Formations are affected by diagenesis [6,7,9,45]. The smectite in the mudstones of Nenjiang Formation, Sifangtai Formation, and Mingshui Formation comes from volcanic weathering or palaeosoil transformation in temperate and semi-humid to semi-arid climates. The illite mainly comes from erosion of granite, mostly the products of physical weathering and/or weak chemical weathering on crystalline rocks. The chemical index of illite, which represents chemical composition of illitic minerals, is a useful indicator for weathering intensity [6,9,20,46,47]. Gao et al. [45] used indicators such as the relative content and ratio of montmorillonite and illite and the illite crystallinity index to reconstruct paleoenvironmental changes and showed that, from the latest Cretaceous through the earliest Paleogene, values of all three clay mineralogical proxies in the Songliao Basin are generally higher during warming intervals than those during cooling intervals. It is concluded that warming caused strengthened moisture delivery from the Pacific, increasing precipitation and intensified chemical weathering, whereas cooling was accompanied by increasing dryness and physical weathering. It was found that, during global warming and cooling events, the corresponding changes in wet and dry climates and the intensity of weathering occurred in the Songliao Basin, which proves that East Asia is sensitive to changes of greenhouse climate. Based on the comprehensive analysis of the whole-rock mineral and other paleoenvironmental indicators of the Shahezi Formation in SK-2, this study reveals that the change of whole-rock mineral is closely related to the changes of lake level, which further shows that the evolution of minerals has an important implication on the study of the Cretaceous greenhouse climate and the changes in sedimentary environments of the continental lake basin.



The clay minerals in the SK-1s Qingshankou Formation and the Quantou Formation are basically illite, illite–smectite-ordered interlayer minerals, smectite, and chlorite, which are mainly controlled by burial diagenesis. In SK-1s, the highest burial temperature for 20% smectite in the illite–smectite-ordered interlayer in 1915 m is 140 °C, with the modern drilling temperature of 95 °C. The highest burial temperature for 25% smectite in interlayer minerals at the 1500 m is 125 °C, with the temperature of 75 °C. It is inferred that the maximum burial depth was about 1000 m deeper than the current one. The temperature was about 50 °C higher than the current one [9]. The clay minerals in the SK-2 Shahezi Formation are dominated by illite–smectite-ordered interlayer minerals and illite, with a small amount of chlorite. Minerals in the 4500 m interlayer are completely converted into illite. The maximum burial temperature is 210 °C, and the current drilling temperature is 160 °C. The maximum burial depth and the temperature inferred from clay minerals in the Shahezi Formation are consistent with the previous studies on the Qingshankou Formation and the Quantou Formation.



The tectonic evolution of the Songliao Basin indicates that the subsidence of the basin ended with the deposition of the upper part of the Nenjiang Formation. Due to the subduction of the Pacific plate, the basin experienced structural inversion and denudation [1]. At the end of the deposition of the upper Nenjiang Formation, the regional uplift caused about 500 m of denudation in the central depression zone [35]. After the Mingshui Formation stopped depositing, strong structural movement folded the stratum, causing denudation of about 1000 m in the central depression zone [48]. The inferred maximum burial temperature and maximum burial depth of the clay minerals in the Shahezi Formation are consistent with previous studies, indicating that the subsidence continued from the Early Cretaceous to the end of the Cretaceous, and the maximum burial depth occurred at the top of the Mingshui Formation. This provides a clearer understanding of the evolution history and is of significance for guiding thermal exploration and oil-gas exploration.



In the mode of sedimentary organic matter evolution, when the vitrinite reflectance (Ro) is larger than 2.0 and the temperature is higher than 200 °C, the organic matter fraction gradually changes from oil to gas [49,50,51]. Cui et al. [15] demonstrated that the vitrinite reflectance (Ro) at 3900–4500 m depth in the Shahezi Formation of SK-2 in the Songliao Basin is 2.3–2.5, which is consistent with the present results showing that the maximum burial temperature of the Shahezi Formation of SK-2 at 4500 m is 210 °C, and the interbedded illite-smectite minerals are completely converted to illite [15]. These results indicate that natural gas exploitation in the Shahezi Formation of the Songliao Basin is of priority in the near future.





6. Conclusions


The whole-rock and clay mineralogy of the SK-2 Shahezi Formation in the Songliao Basin was analyzed from 3346–5705 m. The relationship between mineralogical evolution and the thermal evolution of the basin as well as paleoenvironmental change was studied. The whole-rock minerals in the Shahezi Formation mainly include clay minerals as well as small amounts of calcite, potassium feldspar, and siderite. Clay minerals include illite, chlorite, and illite–smectite interlayer minerals, with relative content varying with depth. Both the whole-rock and the clay mineral compositions change at 4500 m. Above 4500 m, the clay minerals are dominated by illite–smectite-ordered interlayer minerals and illite. Below 4500 m, there is more plagioclase, potassium feldspar, and calcite, whereas the interbedded illite-smectite minerals are completely transformed into illite. Evolution of whole-rock minerals is mainly affected by the environment, but the evolution of clay minerals is affected by diagenesis. Combined with other data from the SK cores, the maximum burial depth and the maximum burial temperature of the Songliao Basin in the Late Cretaceous are inferred, which provides a certain reference for thermal evolution history, paleoenvironmental evolution, and deep petroleum exploration of the Songliao Basin.
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Figure 1. Geological and geographic setting of the Songliao Basin and the SK scientific drillings modified from [12]. 
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Figure 2. Stratigraphy in the Songliao Basin and coring strategy of the SK scientific drilling projects [1,2,6]. 
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Figure 3. The whole-rock mineral content of the Shahezi Formation in SK-2. Solid circles are mudstone samples, hollow circles are sandstone samples, and hollow squares are siltstone samples. 
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Figure 4. XRD patterns of six typical samples of whole-rock minerals at different depths in the Shahezi mineral of the SK-2. (a) Mudstone sample at 3536 m; (b) mudstone sample at 3826 m; (c) mudstone sample at 4206 m; (d) mudstone sample at 4545 m; (e) mudstone sample at 5045 m; (f) mudstone sample at 5535 m. N: air-dried sample; EG: ethylene glycol saturated sample; T: heated sample. 
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Figure 5. Clay mineral content of Shahezi Formation in SK-2. Solid circles are mudstone samples, hollow circles are sandstone samples, and hollow squares are siltstone samples. 
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Figure 6. XRD patterns of six typical clay mineral samples at different depths from the Shahezi mineral in SK-2. (a) Mudstone samples at 3436 m; (b) mudstone samples at 3736 m; (c) mudstone samples at 4126 m; (d) mudstone samples at 4545 m; (e) mudstone samples at 4975 m; (f) mudstone samples at 5415 m. N: air-dried sample; EG: ethylene glycol saturated sample; T: heated sample. 






Figure 6. XRD patterns of six typical clay mineral samples at different depths from the Shahezi mineral in SK-2. (a) Mudstone samples at 3436 m; (b) mudstone samples at 3736 m; (c) mudstone samples at 4126 m; (d) mudstone samples at 4545 m; (e) mudstone samples at 4975 m; (f) mudstone samples at 5415 m. N: air-dried sample; EG: ethylene glycol saturated sample; T: heated sample.



[image: Minerals 11 01101 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Stratigraphy Litholo Seismic|Sedimentary Reservoir | SX.cering
. , Thekness Rang i Environment Intervals
Series | Formation [Member El’:; - 9 [Horizon
Quaternary] 140
Neogene Taikang(N2t) =185 Alluvial fan and
Da'an(N1d) 0-123 floodplain
Paleogene|Yi'an(E2-3y) 0-260
2] Mingshui| 2
3 ‘g — 0-576 M . SK-1n
o (K2m) 1 ol
(4] - - river delta ,
O Sifangtai - shallow lake
_,g (K2s)
= | Nenjiang[—i—] e Heidimiao
8 (K2n) —’E_— 100:970 by S:Lt:iali;;ge oil layer
@ Saertu oil layer
Q  |Yaojia(k2y) =2 80-210
a 1 Putachua oil layer SK-1
- [Qiingshankou - Pabvllelly Gaotaizi oll layer w1
2 260-500 |- Delta, large Y
(K2an) 1 = o deep lake
4 Fuyu oil layer
Quantou 3 .- Yangdachengz
, 550-1200 |- Meandering river| ol layer
(K1g) 2 ; large delta |
ong'an
w 1 Wi e oil layer SK-3
-
8 - Changde
(&) Denglouku| 3 _ . ‘ gas layer
S 500-1000 |2 dett, largs K
ot & elta, large lake
© (Ktay | 2 : ’
&) 1
L . Rl g
© Yingcheng[ 3 - Fan delta, delta,| .
= 500-1000 | deep lake, coal-| “,n97\="0
o (K1y) £ L bearing g
1
-
Shahezi| 3-4 TAILLLTEIIIAIL uol Alluvial fan, fan SK-2
e delta, delta, deefl
(K1Sh} - 400-1500 . ko
RN 2
= . ~T4 e
2
@© Huoshiling Shore face,
3 shallow lake,
2 (Jah) 500-1600 p S tuff volcanics
(]
o
(=%
= T
S Granite and
metamorphic
alaeozoic merphy
roc

L Volcanic

Fine Sandstone

Conglomerate

"' Metamorphic
Coarse Sandstone
Qil Source Rock






nav.xhtml


  minerals-11-01101


  
    		
      minerals-11-01101
    


  




  





media/file2.png
| | | | | .
120° 122° 124° 26° E128° i ;
/" First-level tectonic Y
unit boundary ,
N 48° /_ Basin boundary
,',' 7 /.'b "' QJ
50k ; SRS
m e L=
L | A / - A\'\ / f, ! .0
g\' | .\'/'I : 'I _: - ;
o L \ N_& Dagirig
7 _I/ \‘\ l ‘
Songliao Basion A £ F
/'/ 1 '\ | . \ ,.’ —
—48° \ - | S
| R ,. .
B , , .’ :
; ; \O i, i
N ’,/' ./'I % : O) :
.\‘\ ./'/ B /', @Q i .: i ®
e A L8 fe = @
[ 44 . ) P - \'\i:',.,,’ . Q@ .,.,./ Qm : 8
. SK-1(n) 4 8
/ i . ) 6°
: . : Qq’ Shengping .- 20,
g > - o R
{ | s' < Datong / :
, O Xingcheng
‘\'\, o ,I'I'l /','l O b "
: X ‘D \-\ !l -c .. . "..’ N
0 10  20km g N él Xujiaweizi fault
| | | . P~ depréssion oe
2 e\‘(b
= Clty : O 1 !.i /‘,-" «
" .~""%Xinzhan \ / =)
® SK-1 \\ . goo
R -’/ -/./ ‘('\ e - . :
b SKZ e o
: i : /I. i'“‘x b s 0 ] e
.~ Secondary tetonic L SK-1(s) 2 y
" unit boundary U Q ‘ a
Seismic profile E 124° 30 e 125° 125" 30






media/file5.jpg
gy | auanatn [pugocasec]_cocters) | ceoasparcn]_sicortacn | pyriecs)
F‘ T 1
5
5 /
praTabe






media/file3.jpg
Stratigraph htmier] e

P e o o

H

8 by 3

| e Tt
b : ) & e |
W e M

HEgD

- T
prvee P e .
o [ o frece)
[ =

Gante [T votnie
i con [ e
[ Musstone Congomerste






media/file1.jpg
Firstloval ectonic
unitboundary.

war / Basinbounda

0k

‘Songliao Basion

o 10 20km

= iy
o skt
* sz
Secondary totonic:
unitboundary

—— seismicprofie






media/file7.jpg
e w (eomae |5
(v [

2Thete
2Theta

it

TN TR I T
1l
o3|

[rre—R

i
2Thets
2Theta

P ——
s =
=t






media/file10.png
Stage

Fm (Ma)

Depth

(m) Illite (%) Chlorite(%) 1/1S(%)

%S

L ower Cretaceous

Shahezi

145.0

0 50 100

[--]

mudstone |I| siltstone E sandstone conglomerate

I/S=mixed-layer illite/smectite; %S=proportion of smectite in I/S.

E| andesite






media/file12.png
Intensity ]

a orite{001)
C\d '1\y Illite{001)

L, | d=9.96
kS T

6000
: cmsr_u;egoﬂﬂ Chlorite{003)
y A lite(onz) 97392 ||||dt?{30gg)
4000 L/ l Eos N
] | A ‘J\_ N
2000 \
5 H\u
] |
: R i
I ", ; kw‘nh_..}\-m--»—’ld M EG
T ! T ! : I I : ;
10 15 20 25 B
2 Theta
Interé%iuw c cmonte{omll)
-_ ! IIIite(DO'I)
... |.'. | d=996
] ot 1}
G000 \“""‘"‘-""‘“—"" T
1 Chlorite(002)
: | d=7.06 Chlorite(003)
4000 ] | lite(002)  d=3.53 }jjte(003)
1 A Jl\____/}\‘\—w-w—-u—-) M
2000+ '-\ h
] |
E \\wu/l\l J‘l |II|'
i | A F 1 S T
s 10 s 20 25 30
2 Theta
Int ity 7]
nRn=ity 1a . Illite(001)
i Chlorlte(ﬂm]' d=9.99
d=14.3 e
I
] \\\‘\'}J | Chlorite(002)
40004 ll\hw-sz;?j T
1 |. Chlorlte(DDS
i | llite(002) ||||te{003)
; ."ll d=4 99 | d=3.33
20004 wk.__)“wmwuﬁ s I
7 |
] !
i \.\J l'\ ' i /
0 ; \. r)lL _Jl.wu ‘k“""""‘ EG
. T y T T E ; ' : :
5 10 15 20 kb 50

2 Theta

Intensity ‘
10,0004 P \ mgfg}g;)
\“"%‘h«/!ﬂli -
8000 .l
"& | Chlorite(002)
— : d=?.06“” (002 CIorite(003)
] ite o
A qeiog  973:531lite(003)
i ' d=3.34
4000 ‘*"""’*"’T‘“‘""“"“—‘“““:‘J\‘““ i
\ ; i
\ I
2000 '\\\\M‘w‘ ! E
- : : i
o :\g._—a"lx..__,_,__./‘_"lfﬁﬂw.._..m----———‘:\—/ \--_...,_.. EG
L i ]
:5 o 15 20 25 30
2 Theta
Intensity ]
Hlite{001)
Chlorlte{ﬂml =g 97
! \\ | Chiorite(002)
| | d=7.06
4000 P! S R
h Chlorite{003)
_ llite(002) [lite{003)
g ] d=5.00  d=3.33
| ] |
A |
A | [
; J Lo i
. WWWIU 'M EG
T T T ' T T N
5 10 15 20 25 30
2 Theta
lnlensily f Chlorite{(001)
4000 \: L |Il|ite{g%1aj
Q‘“"“‘mu'; I\
) <
1 1 Chlerite(092) chlorite(003)
| lite(002} d=3.53 lllite{003)
2000 J '. Cepe \ e
1 I
1 % f 'rl\ .-':‘-‘\,,‘.r‘J \"‘ﬂm M
I \‘
\\ || H 'ﬁl
- | ol EG
] ﬂ‘\'j i M’\ ,F\-"‘I \M
O T T . T
'5 1IU 1|5 2ln 25 ?:0

2 Theta






media/file9.jpg
[Stage | e Peoithology] _Mite() | Criorte() | 1s(%) ws

1329

4000

Shahezi

Lower Cretaceous

5000

— ) T

145.0
== mudstone [==] sinistone sandstone  [2=] conglomerate [<1] andesite

I/S=mixed-layer ilite/smectite; %S=proportion of smectite in I/S.






media/file0.png





media/file8.png
Intensity

Intensity

(gz Z)enolen w -S
(9 2)z1END —2
—ri L
(61 €)iedsp|ad-y+ase|ooibe|d i
.v/ = o2
(g €)z1enp ——
F
(£9°¢etis g0 closepolbeld =2 |
(geo'gleioled 0 3
(9z ¥)zenD —= | _
M &l
(0L Z)8wio|yd
=
(zooLleunl =
0
U . I T [ T
a = = = o
o0 © = =
(gz'z)auoien > 3
(g¥ Z)zuenp uw‘
(61 ¢)ledspload-M+aseloolbe|d M o
\ B
(re-elziienpd N =
= |
(L29°¢:824 g)osepolbeld +—
(seo Em:u_mu
(92 plzyeny —<° | o
(86 p)oMll ~ M ]
(z0" 2}@1i01yD —
-
(LL-oL)eu
)
L ; : | : o 1 & T T T
=

G000
4000
2000

2 Theta

2 Theta

Intensity

Intensity

10,0004

(gz z}ero|eD
(9t g)zenD —

(61 ¢)edsp|ad-y+8seooibeld
(ge'g)zuenp

(19°€2L ﬂmmm_uo_mm_a

(ge'e'en” immm_uo_mm_n_
(92 ¥)zuenp

(60" £)}81101UD

(ZoroL)eull

1

Liu‘“**“ VJL“-JWhuAﬁWH

2

um&ﬂdhﬂd

"

40

20

G000+
4000
2000+

{gz Z)=anoieD
(9t'Z)z1eno

(61 €)iedspjag-y+esejooibe|d
(re'c)zrienn

(207 2)81U0IYD

(zo'oL}emin

c

30

2 Theta

10

2000+
6000+
40004
2000+

2 Theta

(¥ clziend

(gz z)enolen
(9% Z)z1eny

(61 g)iedspja4-y+aseooibe|d

A UI

(Ze'Epareisd m”_mmm_uo_mm_n_
(9g°¢:Z0"¥)ese|poibe|d
{9z vizuenp

f

(11" Z)81o1ys-

(60°0L)au

ot

40

rﬁl\#ﬂ'

f

lat

\J

L P

Intensity

10,000

8000
60004
4000
2000 =

(gz z)euolen
(9r'Z)z1enp

(gL g)edsplag-y+aseooibe|d
(v g)zienn
(e5'¢'29°¢ 22 ¢)ese|oolbe|d
(98°£:€0 p)esepolbe|d

(9Z ¥)z1enp

(g g)eseloolbe|d
(£0 2)}211014D

(zooL)eun

2 "-...«.M_,_,_A_

ls)\._.—Jl\....... oo

Mot

LA

!

"

-““‘"“Am.huﬁ;JHm_ﬁmﬁmw

Intensity

10,0004
8000+
G000+
4000
20004

10

2 Theta

2 Theta





media/file11.jpg





media/file6.png
Stage|Fm ?'3:1 Iitholog)J Clay(%) Quartz(%) Calcite(%) |K-Feldspar(%)| Siderite(%) Pyrite(%)

Plagioclase(%)
¥

132.9

Shahezi

Lower Cretaceous

145.0
[==] mudstone [~=1 siltstone [*+] sandstone conglomerate [*~] andesite Clay=chlortie+illite+I/S.






